The transcription factor DMRT1 has important functions in two distinct processes, somatic-cell masculinization and germ-cell development in mammals. However, it is unknown whether the functions are conserved during evolution, and what mechanism underlies its expression in the two cell lineages. Our analysis of the Xenopus laevis and Silurana tropicalis dmrt1 genes indicated the presence of two distinct promoters: one upstream of the noncoding first exon (ncEx1), and one within the first intron. In contrast, only the ncEx1-upstream promoter was detected in the dmrt1 gene of the agnathan sand lamprey, which expressed dmrt1 exclusively in the germ cells. In X. laevis, the ncEx1-and exon 2-upstream promoters were predominantly used for germ-cell and somatic-cell transcription, respectively. Importantly, knockdown of the ncEx1-containing transcript led to reduced germ-cell numbers in X. laevis gonads. Intriguingly, two genetically female individuals carrying the knockdown construct developed testicles. Analysis of the reptilian leopard gecko dmrt1 revealed the absence of ncEx1. We propose that dmrt1 regulated germ-cell development in the vertebrate ancestor, then acquired another promoter in its first intron to regulate somatic-cell masculinization during gnathostome evolution. In the common ancestor of reptiles and mammals, only one promoter got function for both the two cell lineages, accompanied with the loss of ncEx1. In addition, we found a conserved noncoding sequence (CNS) in the dmrt1 5 0 -flanking regions only among amniote species, and two CNSs in the introns among most vertebrates except for agnathans. Finally, we discuss relationships between these CNSs and the promoters of dmrt1 during vertebrate evolution.
Introduction
Doublesex and mab-3 related transcription factor 1 (DMRT1) belongs to a family of transcription factors, which are conserved throughout the animal kingdom, and are characterized by a DNA-binding region called the DM domain. The Drosophila melanogaster Dsx (doublesex) and Caenorhabditis elegans Mab-3 (male abnormal-3) both play important roles in sex determination (Zarkower 2001; Volff et al. 2003) . In mammals, there are eight DMRT genes, DMRT1-DMRT8 (Veith et al. 2006; Bellefroid et al. 2013 ). Most DMRTs, except for DMRT8, play roles in the development of gonadal and nongonadal tissues (Bellefroid et al. 2013) .
The DMRT1 gene is required for testis formation and/or somatic-cell masculinization in various vertebrate species (Yoshimoto and Ito 2011; Masuyama et al. 2012; Zhao et al. 2015) . The Z-linked dmrt1 gene in the chicken (Gallus gallus) is required for male sex determination (Smith et al. 2009 ). Interestingly, the Y-linked dmy/dmrt1by gene in the teleost fish (Oryzias latipes) and the W-linked dm-W gene in the frog (Xenopus laevis) evolved through dmrt1 gene duplication (Matsuda et al. 2002; Nanda et al. 2002; Yoshimoto et al. 2008) . Although the Y-linked gene SRY functions as a male sex-determining gene in most eutherian mammals (Sinclair et al. 1990 ), a distal 9p deletion, including DMRT1, or the partial deletion of DMRT1, causes XY sex reversal, abnormal testicular formation, and male feminization in humans (Raymond et al. 1999; Ledig et al. 2012) . In mice, Dmrt1 inhibits female reprogramming and maintains somatic-cell masculinization in the postnatal testes (Matson et al. 2011) . Importantly, dmrt1 is also expressed in the germ cells of various vertebrates (Zarkower 2013) . In mice, DMRT1 maintains male germ stem cell identity by controlling pluripotency and apoptosis (Takashima et al. 2013) , and regulates meiosis in both female and male germ cells (Matson et al. 2010; Krentz et al. 2011) . However, little is known about the transcriptional control of Dmrt1 expression in testicular somatic cells or germ cells. We previously showed that the dmrt1 genes of X. laevis and Silurana tropicalis have a noncoding exon 1 (ncEx1), whereas the mouse (Mus musculus) and chicken (G. gallus) dmrt1 genes do not (Mawaribuchi et al. 2012) . In addition, the dmrt1-derived sex-determining gene dmy/ dmrt1by and dm-W have a ncEx1.
In this study, we identified the agnathan sand lamprey (Lethenteron reissneri) and reptilian leopard gecko (Eublepharis macularius) dmrt1 orthologues. Both of amphibian X. laevis and S. tropicalis dmrt1 genes examined were found to have two distinct promoters, one located upstream of the ncEx1 and the other located upstream of the translation start site-containing exon 2. We also found that the first and second promoters in X. laevis regulated the germ-celland somatic-cell-specific expression of dmrt1, respectively. Furthermore, the analysis of X. laevis individuals with reduced expression of ncEx1-derived transcripts indicated an important role for Dmrt1 in germ-cell development. In addition, three conserved noncoding sequences (CNSs) were identified among vertebrate dmrt1 orthologues. Final, we propose a model of the transcriptional regulation of dmrt1 in germ and somatic cells by these promoters and three CNSs during vertebrate evolution.
Results

Isolation of Agnathan Lamprey and Reptilian Leopard
Gecko dmrt1 cDNAs Wexler et al. (2014) reported that dmrt1 might have emerged in the ancestor of vertebrates. Since the agnathan lamprey is an extant representative of a group of the most ancient vertebrates, we sought to isolate an ancestral dmrt1 gene from the sand lamprey, L. reissneri. PCR was performed using testis cDNA and degenerate primer pairs encoding the conserved amino acid sequences in the DM domains of vertebrate DMRT1, followed by 5 0 -and 3 0 -RACE were performed using testis cDNA and degenerate primer pairs encoding the conserved amino acid sequences in the DM domains of vertebrate DMRT1 (see Materials and Methods) . Because the analysis of dmrt1 expression in reptilian species could be useful for our studies of dmrt1 promoter evolution, we isolated the reptilian dmrt1 cDNA from the leopard gecko E. macularius using a similar method. As expected, both the sand lamprey and leopard gecko cDNAs encoded DM domain sequences that placed their proteins in the DMRT1 cluster in the phylogenetic tree (supplementary fig. S1 and table S1, Supplementary Material online; Gene Bank accession numbers LC035083 and LC035085). The lamprey and gecko dmrt1 cDNAs encoded proteins containing 276 and 349 amino acids, respectively (supplementary fig. S2 , Supplementary Material online). The lamprey and gecko Dmrt1 DM domains respectively shared 76.5% and 95.6% identity with that of human DMRT1.
Loss of the dmrt1 Noncoding Exon 1 in the Common Ancestor of Reptiles and Mammals
We previously showed the presence of a noncoding exon 1 (ncEx1) in the dmrt1 genes of X. laevis, S. tropicalis, and O. latipes, which was absent in the dmrt1 genes of mice and chickens (Mawaribuchi et al. 2012) . To clarify the molecular evolution of the ncEx1, which could be involved in dmrt1 promoter evolution, we investigated whether the ncEx1 was present in the agnathan sand lamprey and the reptilian leopard gecko. The transcription start sites (TSSs) of the two dmrt1 genes were determined from the 5 0 -RACE reactions described above (supplementary fig. S2 , Supplementary Material online). We next isolated lamprey and gecko genomic DNA fragments containing each TSS and translation start site and sequenced them. A comparison of these sequences indicated the presence of ncEx1 in the agnathan lamprey dmrt1 gene, but not in the reptilian gecko ( fig. 1 ). These results, taken together with our earlier findings, indicated that the ncEx1 of dmrt1 may have been lost in the common ancestor of reptiles and mammals.
The Agnathan Sand Lamprey dmrt1 Gene Is Predominantly Expressed in Germ Cells
In many vertebrates, dmrt1 is expressed in the germ cells of the female and male gonads and in testicular somatic cells (Zarkower 2013) . To determine whether this expression pattern is conserved in agnatha, we examined the quantitative and spatiotemporal expression of dmrt1 in the female and male gonads of the sand lamprey. Real-time PCR analysis showed that the dmrt1 mRNA levels were significantly higher in the testes than in the ovaries ( fig. 2A) . In situ hybridization analysis with an anti-sense probe revealed that dmrt1 mRNA was expressed in spermatogonial germ cells in the germinal cysts of the testes ( fig. 2B ), but was hardly detectable in the somatic cells of the testes, or in any cell of the ovaries. In situ hybridization with the sense probe showed no specific signals in either the female or male gonads (supplementary fig. S3 , Supplementary Material online). Taken together, these results suggested that the lamprey dmrt1 gene is primarily expressed in germ cells.
Identification of Two Distinct Promoters in the dmrt1
Genes of Two Frog Species
It is well known that genes containing ncEx1 sequences are frequently regulated by alternative promoters (Davuluri et al. 2008) . Since the dmrt1 genes in the agnathan L. reissneri and two species of amphibians, S. tropicalis, and X. laevis all possessed the ncEx1, we characterized the promoters of each of these genes. X. laevis is an allotetraploid species (Hughes MK and Hughes AL 1993) and has two dmrt1 genes, dmrt1.L and dmrt1.S, which have been renamed from dmrt1a and dmrt1b, respectively, by the Xenopus Gene Nomenclature Committee (http://www.xenbase.org/gene/static/geneNomenclature.jsp; last accessed Dec 1, 2016). RNAs from the testes of each of these species were subjected to 5 0 -RACE with dmrt1-specific primers, and the products were cloned and sequenced to identify the TSSs for each gene. A comparison between the obtained sequences and the genomic sequence identified only one promoter upstream of ncEx1 in the dmrt1 gene of L. reissneri, but revealed the presence of an alternative promoter in intron 1 of X. laevis dmrt1.L and S. tropicalis dmrt1 ( fig. 1 ). The two types of transcripts synthesized by the promoters located upstream of ncEx1 and of the translation start site-containing exon 2 are referred to as 'type 1' and 'type 2', respectively ( fig. 1) . Interestingly, the ncEx1 was not found in dmrt1.S, indicating that this gene contains only one promoter upstream of its translation start site-containing exon. The two distinct promoters identified in X. laevis dmrt1.L produced two types of transcripts; the type 1 transcript contained a 140-bp unique sequence corresponding to the ncEx1, whereas the type 2 transcript contained a 77-bp sequence corresponding to part of intron 1 ( fig. 1 ). We quantified the transcriptional level of each dmrt1 mRNA variant (dmrt1.L type 1, dmrt1.L type 2, or dmrt1.S) in the developing ZW and ZZ gonads in X. laevis by real-time RT-PCR. Interestingly, only the dmrt1.L type 1 mRNA among the three variants was expressed in the ZW gonads ( fig. 3A ). In contrast, the dmrt1.L type 2 and dmrt1.S mRNAs, which were transcribed by the promoters upstream of the translation start site-containing exon, were exclusively expressed in the ZZ gonads and exhibited increased expression during development after sex determination ( fig. 3A) .
Characterization of the Gonadal Cell Type Expression of the dmrt1 Variants in X. laevis
To characterize the gonadal expression of the three X. laevis dmrt1 transcript variants, we performed in situ hybridization using stage 56 X. laevis ZW and ZZ gonads and variantspecific RNA probes. Specific signals corresponding to dmrt1.L type 1 and type 2 mRNAs could not be obtained, because their unique, respective 140-and 77-bp sequences appeared to be short for obtaining specific signals. However, we did have dmrt1.L or dmrt1.S gene-specific probes, which FIG. 1. Dmrt1 transcription initiation sites in seven vertebrate species. The Dmrt1 transcription start sites (TSSs) of Lethenteron reissneri (Lr), Silurana tropicalis (St), Xenopus laevis (Xl), and Eublepharis macularius (Em) were determined by 5 0 -RACE using adult testis RNAs. The dmrt1 TSSs in the adult testes of Gallus gallus (Gg) and Mus musculus (Mm) were reported previously (Mawaribuchi et al. 2012) and are shown here for comparison. Noncoding exons and coding exons are represented by white and gray boxes, respectively. *1 and *2 show the TSSs of the type 1 and type 2 dmrt1 mRNAs, respectively. The numbers indicate nucleotide positions relative to the TSSs (position þ1). Mawaribuchi et al. . doi:10.1093/molbev/msw273 MBE contained 3 0 -noncoding sequences. Thus, the dmrt1.L probe could detect both type 1 and type 2 mRNAs. Interestingly, we found that dmrt1.L was expressed in germ cells consisting of spermatogonia and oogonia in the ZW and ZZ gonads, and in somatic cells of the ZZ gonads, whereas dmrt1.S expression was uniquely observed in the somatic cells of the ZZ gonads ( fig. 3B ). Sense probes for the two genes showed no specific signals (supplementary fig. S4 , Supplementary Material online). Next, to clarify whether the dmrt1.L type1 and type2 transcripts were expressed in the somatic or germ cells of the testes, we performed real-time RT-PCR using the variantspecific primer pairs and RNAs isolated from either the germ-cell-or somatic-cell fractions of ZZ testes. We confirmed that the germ-cell marker gene, vlg1, and the somatic-cell marker gene, cyp17a1, were primarily expressed in the germ-cell and somatic-cell fractions, respectively (fig .  3C ). dmrt1.L type1 transcripts were strongly and uniquely expressed in the germ-cell fraction, whereas dmrt1.L type2 and dmrt1.S were more highly expressed in the somatic-cell fraction ( fig. 3D ). These findings, in addition to the real-time PCR analysis shown in fig. 3A , suggested that the ncEx1-derived dmrt1.L type1 mRNA was mainly expressed in the germline cells of both female and male gonads, whereas the dmrt1.L type2 and dmrt1.S mRNAs, both of which were induced by a promoter upstream of the translation start site-containing exon, were primarily expressed in the somatic cells of male gonads.
Germ-Cell-Specific Knockdown of dmrt1.L type 1 Reduces Germ Cell Numbers in the Gonads of Both Sexes in X. laevis
To examine the role of the dmrt1.L ncEx1-derived transcript and its encoded protein in the germ cells of X. laevis, we produced transgenic tadpoles carrying a dmrt1.L type 1-specific shRNA vector. This vector was designed to target the 21 dmrt1.L type 1-specific nucleotides within its ncEx1 (see Materials and Methods). We confirmed the efficiency and Whole-mount in situ hybridization of male and female gonads before and after metamorphosis was performed using anti-sense RNA dmrt1 probes, followed by cryostat sectioning at 7 mm. Nuclei were stained with Hoechst 33258 (Blue). Male germ cells are observed in cysts. Dorsalventral corresponds to top-bottom. Scale bars, 50 mm.
dmrt1 Promoter Evolution in Vertebrates . doi:10.1093/molbev/msw273 MBE specificity of the knockdown vector in HEK293T cells engineered to express ectopic dmrt1.L type 1 or type 2 transcripts (data not shown). Transverse gonadal sections from stage 60 transgenic or control tadpoles were subjected to immunohistochemistry analysis with anti-Dmrt1, anti-Cyp17a1, antiAromatase (Cyp19a1), and anti-Xvlg1 anti-bodies ( fig. 4A ). In each case, the nuclei were counter-stained with Hoechst 33258. Cyp19a1 and Cyp17a1 are marker proteins for somatic cells in female (ZW) and male (ZZ) gonads, respectively (Mawaribuchi et al. 2014) , whereas the Xenopus vasa-like gene 1 (xvlg1) is specifically expressed in germ cells (Komiya et al. 1994 ). In the nontransgenic tadpoles, Dmrt1 was detected in the germ cells of the ZW and ZZ gonads, and in some somatic cells of the ZZ gonads ( fig. 4A ). Importantly, in the transgenic ZZ gonads, the number of Xvlg1-positive germ cells was greatly reduced, and Dmrt1 was barely detected in the germ cells of the ZZ gonads ( fig. 4 ). There was no or little difference in Dmrt1 expression in the somatic cells of the ZZ gonads between the nontransgenic and transgenic tadpoles. These observations indicated that the dmrt1.L type 1 knockdown vector efficiently suppressed the germ-cell expression of Dmrt1, but had little effect on somatic cell Dmrt1 expression. In addition, the germ-cell numbers were significantly reduced in the transgenic ZW gonads, compared with the nontransgenic ZW gonads (fig. 4) . Intriguingly, some ZW transgenics exhibited testicular gonads, which resembled the transgenic ZZ gonads morphologically: they had few germ cells, but contained Dmrt1 and Cyp17a1-expressing somatic cells ( fig. 4A, right; supplementary table S2 , Supplementary Material online). These findings indicated   FIG. 3 . Xenopus laevis dmrt1 expression analysis. (A) Real-time PCR analyses of dmrt1 variants in ZW and ZZ gonads after sex determination. PCR was performed using cDNAs derived from three ZW or ZZ gonads at various stages and variant-specific primer pairs. (B) Distribution of dmrt1.L and dmrt1.S mRNAs on transverse sections of ZW and ZZ gonads. Whole-mount in situ hybridization of stage 56 ZW and ZZ gonads, with the attached mesonephros, was performed with a dmrt1.L-or dmrt1.S-specific anti-sense RNA probe, followed by 7-mm sectioning using a cryostat. Nuclei were stained with Hoechst 33258 (Blue). Note that the nuclei in germ cells were faintly stained by Hoechst 33258. An asterisk (*) indicates a germ cell. Scale bars, 50 mm. (C and D) Real-time PCR analyses using cDNAs derived from the total RNAs of somatic and germ-cell fractions of adult testes 1 year after birth. Gene and variant-specific primer pairs for the germ-cell marker gene, vlg1, somatic-cell marker gene, cyp17a1 (C), and dmrt1 variants (D) were used. The expression of ef1a was used for normalization. Values are means 6 s.e. of three individual experiments. To determine if the differences between two (ZZ and ZW in A or somatic and germ cell fractions in D) or more sets of data were statistically significant, the t test ( †) or Tukey test (*) was performed, respectively. † and *, P value <0.05; † † and **, P value <0.01; W, weeks; AM, after metamorphosis; Y, years after birth. Mawaribuchi et al. . doi:10.1093/molbev/msw273 MBE that the germ-cell-specific knockdown of dmrt1 could induce female-to-male sex reversal. To confirm the significant difference in germ-cell numbers between the nontransgenics and transgenics, we counted the Xvlg1-positive cells in the nontransgenic and transgenic gonads. The results indicated that the knockdown of the dmrt1.L type 1 mRNA significantly decreased the number of germ cells in the ZW and ZZ gonads ( fig. 4B ).
There Are a CNS in the dmrt1 5 0 -Flanking Regions among Amniotes, and Two CNSs in the Introns among Various Vertebrates Except for Agnathans
To clarify how the expression system of dmrt1 has evolved for germ-cell and/or somatic-cell transcription during vertebrate evolution, we first searched for CNSs in vertebrate DMRT1 loci using 'Conservation' track in the UCSC genome browser (supplementary fig. S5 , Supplementary Material online). Then the loci in six classes and eight species of vertebrates were examined in detail: mammals (human and mouse), a bird (chicken), a reptile (carolina anole), amphibians (X. laevis and S. tropicalis), an bony fish (spotted gar), and an agnatha (sea lamprey). We could detect no CNSs in the promoter regions among the six classes, but found three distinct CNSs (named as 'CNS1', 'CNS2', and 'CNS3') in other regions ( fig. 5 ). 'CNS1' was located in the dmrt1 5 0 -flanking regions only among three classes belonging to mammalian, avian, and reptilian (called as amniote) species (supplementary figs. S5 and S6, Supplementary Material online). 'CNS1' is about 400 bp long: 64% identity between human and carolina anole (see supplementary table S3, Supplementary Material online). In contrast, 'CNS2' and 'CNS3' were conserved among the five classes except for the agnathan class (supplementary fig. S5 , Supplementary Material online). Both the two CNSs were separately located in amniote intron 4 or amphibian and bony fish intron 5; these 4 and 5 introns corresponds to each other, because the amphibian and bony fish dmrt1 genes have their ncEx1 ( fig. 1 and supplementary fig. S5 , Supplementary Material online). 'CNS2' and 'CNS3' are about 410 and 180 bp long, respectively: 84% and 69% identities in 'CNS2' and 'CNS3' between human and spotted gar (see sup plementary figs. S7 and S8, and tables S4 and S5, Supplementary Material online).
'CNS1' includes a consensus binding sequence for transcription factor NANOG ( fig. 5 and supplementary fig. S6 , Supplementary Material online), which is required for germ-cell pluripotency (Mitsui et al. 2003; Gillis et al. 2011 ). 'CNS2' or 'CNS3' contains a consensus sequence that transcription factors FOXL2 and SOX9 or GATA family proteins and SOX9 could bind, respectively (supplementary figs. S7 and S8, Supplementary Material online). They participate in transcriptional machinery in somatic cells of mammalian gonads (Duffin et al. 2009; Bhardwaj et al. 2008; Kyrönlahti et al. 2011; Jakob and Lovell-Badge 2011) . We discuss the relationships among these transcription factors, their binding elements, and transcription in germ and somatic cells in the 'Discussion' section.
As described before, we could detect no significant sequence homology among the promoter regions of various vertebrate dmrt1 genes (supplementary fig. S5 , Supplementary Material online). We then searched for four core promoter elements, TATA box, initiator (INR), TFIIB recognition element (BRE), and downstream core promoter element (DPE) for transcription by RNA polymerase II (Kadonaga 2012) on the regions around the TSSs of vertebrate dmrt1 genes from three agnathan, two bony fish, two amphibian, two reptilian, two avian, and three mammalian species (supplementary fig. S9, Supplementary Material online) . The presumptive elements for BRE, INR, and DPE, not TATA box were found around the ncEx1-and/or intron 1-derived TSSs in all the species except for two bony fish species belonging to genus Oryzias; the arrangement of the three elements for BRE, INR, and DPE were completely conserved FIG. 4 . Analysis of Xenopus laevis transgenic tadpoles carrying the dmrt1.L type 1 knockdown construct. (A) Immunohistochemical analysis of developing ZW and ZZ gonads from nontransgenic or transgenic tadpoles carrying the dmrt1.L type 1 knockdown vector. Transgenics was judged by PCR using the specific primer pairs described in Table S4 , Supplementary Material online. Transverse sections of stage 60 gonads were prepared at 7 mm using a cryostat, and then immunostained with anti-Dmrt1, anti-Cyp17a1, anti-Aromatase (Cyp19a1), and anti-Xvlg1 anti-bodies. Nuclei were stained with Hoechst 33258 (Blue). Scale bar, 50 mm. (B) Germ-cell numbers in the gonads of nontransgenic or transgenic tadpoles. Transverse sections of stage 60 whole gonads were prepared at 7 mm using a cryostat, and immunostained with an anti-Xvlg1 anti-body. The Xvlg1-positive cells were counted as germ cells. Daggers ( † †) indicate a P value <0.01 (t test). Nontransgenic, N ¼ 6; ZZ transgenic, N ¼ 5; ZW transgenic, N ¼ 6.
dmrt1 Promoter Evolution in Vertebrates . doi:10.1093/molbev/msw273 MBE (supplementary fig. S9 , Supplementary Material online). These findings indicated that most vertebrate dmrt1 genes might have TATA-independent core promoters.
Discussion
DMRT1 may play roles in two distinct processes in the developing gonads: somatic-cell masculinization and germ development (Zarkower 2013) . In fact, dmrt1 expression has been observed in both the somatic and germ cells of the testes in various vertebrates, including bony fish, amphibians, reptiles, birds, and mammals (Sreenivasulu et al. 2002; Pask et al. 2003; Guo et al. 2005; Lei et al. 2007; Piprek et al. 2013; Li et al. 2014; Omotehara et al. 2014) . To clarify the expression of Dmrt1 orthologues during vertebrate evolution, we analyzed the gene structure and/or expression of Dmrt1 in various species, including the agnathan sand lamprey and reptilian leopard gecko (figs. 1-3). Our findings suggested that the ancestral Dmrt1 gene in vertebrates contained an ncEx1, which might be required for germ-cell development. During gnathostome evolution, the 3 0 -end of the first intronic sequence evolved into a promoter for the somatic-cell expression of Dmrt1, which was found to play an important role in somatic-cell masculinization. In a common ancestor of reptiles and mammals, one of the two promoters evolved into a dual promoter, capable of regulating both the somatic-and germ-cell expression of Dmrt1 (summarized in fig. 5 ). We could not know how the one promoter got the dual functions. The search of the core promoter elements for the dmrt1 transcription indicated that two promoters in amphibians and one promoter in amniotes could all have the same arrangement of the BRE, INR, and DPE motifs, and function as TATA-less promoter ( fig. 5 and supplementary fig. S9 , Supplementary Material online). Thus the core promoter system for the dmrt1 transcription appears to be conserved among the tetrapod species. Therefore the dual functions must be involved in germ cell-or somatic cell-related enhancer(s).
We then searched for CNSs in dmrt1 loci among vertebrate species, and found three distinct CNSs (supplementary fig. S5 , Supplementary Material online), which should be related to germ-cell and somatic-cell transcription. In somatic cells of mammalian gonads, transcriptional factors SOX9 and GATA4 or FOXL2 could positively or negatively regulate Dmrt1 transcription, resulting in maintenance of masculinization or feminization, respectively (Barrionuevo et al. 2016; Manuylov et al. 2011; Uhlenhaut et al. 2009 ). It has been known that Sox9, Gata4, and Foxl2 show expression in somatic cells, but not in germ cells in gonads (Duffin et al. 2009; Kyrönlahti et al. 2011; Jakob and Lovell-Badge 2011) . Interestingly, 'CNS2' or 'CNS3' included consensus sequences that FOXL2 and SOX9 or GATA family proteins and SOX9 could bind, respectively (supplementary figs. S7 and S8, Supplementary Material online). Such cis-elements in 'CNS2' and 'CNS3' could function as enhancer or silencer for somatic-cell transcription of dmrt1 in gonads from bony fish to mammals, because there are no significant homologies with 'CNS2' and 'CNS3' in the nonconding sequences of agnatha lamprey dmrt1, which could show expression only in germ cells ( fig. 2B and supplementary  fig. S3, Supplementary Material online) . In contrast, it remains unknown what types of transcription factors regulate germcell transcription of dmrt1. The amniote-specific 'CNS1' included highly conserved NANOG-binding sequences FIG. 5 . Proposed model of the transcriptional regulation of dmrt1 in germ and somatic cells by these promoters and three conserved noncoding sequences (CNSs) during vertebrate evolution. The agnathan dmrt1 gene contains a noncoding exon 1, whose upstream region functions as a promoter for germ-cell expression. In the bony fishes and amphibians, dmrt1 has two distinct promoters; one is located upstream of the noncoding exon 1 and regulates dmrt1 expression for germ-cell development and the other is located within intron 1 and regulates dmrt1 expression for somatic-cell masculinization. 'CNS2' and 'CNS3' in vertebrates except for agnathans function as cis-elements for somatic cell-transcription. In the common ancestor of reptiles and mammals, only one promoter got function for both the two cell lineages, accompanied with the loss of ncEx1. Concomitantly, 'CNS1' including a NANOG-binding element emerged for germ cell-transcription. Mawaribuchi et al. . doi:10.1093 fig. S6, Supplementary Material online) . NANOG functions as transcription factor in germ cells, but in somatic cells (Gillis et al. 2011) . We then confirmed that NANOG bound both to the lizard sequence and mammalian one common between human and mouse by mobility shift assay (supplementary fig. S10A , Supplementary Material online). In addition, we found the NANOG-binding consensus sequences in the promoter regions upstream of exon 1 in all the nonaminote vertebrates examined, which includes Xenopus and Silurana frogs, spotted gar fish, and lampreys (supplementary fig. S11, Supplementary Material online) . We confirmed that NANOG bound to the consensus elements derived from the spotted gar and sea lamprey in vitro (sup plementary fig. S10B, Supplementary Material online) . Interestingly, there appears no orthologues of nanog in Xenopus and Silurana species (Schuff et al. 2012 ), but its closest homologous genes vent1/2 could have compensated for the missing nanog (Scerbo et al. 2012) . As shown in sup plementary fig. S11 , Supplementary Material online, there are two consensus sites for VENT-binding in the dmrt1 promoter regions upstream of ncEx1 from both Xenopus and Silurana species. One is for VENT2; the other includes overlap sequences for VENT1, VENT2, and NANOG. These findings suggest that NANOG/NANOG-like proteins might be involved in germ-cell transcription of dmrt1 in all vertebrate species. Taken together, we propose a model of the relationships between cis-elements (promoters, CNSs, and enhancers) and transcription in germ and somatic cells of dmrt1 during vertebrate evolution ( fig. 5 ). In agnathans, the upstream region of the dmrt1's ncEx1 functions as a core promoter and enhancer for its germ-cell expression. NANOG is a candidate protein to enhance the expression. In the bony fish and amphibians, dmrt1 has two distinct promoters: one upstream of the ncEx1 for germ-cell development and the other within intron 1 for somatic-cell masculinization. The NANOG-binding element upstream of the core promoter and the ncEx1 might be responsible for its germ-cell expression as enhancer. In contrast, the promoter within intron 1 and 'CNS2' and 'CNS3' within intron 5 functions for somaticcell transcription. In the common ancestor of reptiles and mammals, 'CNS1' including the NANOG-binding element might emerge for germ-cell transcription of dmrt1. It is possible that ncEx1 might be degenerated after emergence of 'CNS1'. In contrast, 'CNS2' and 'CNS3' might play an important role in somatic-cell transcription.
The knockdown of the ncEx1-derived dmrt1 (dmrt1.L type1) mRNA in X. laevis resulted in a reduced number of germ cells in both gonads of the resulting tadpoles ( fig. 4B ). This result is consistent with previous reports, which showed that the conditional knockout of Dmrt1 in the germ cells of mouse gonads reduces the number of germ cells in both sexes (Matson et al. 2010; Krentz et al. 2011) . Importantly, some ZW tadpoles carrying the knockdown vector in X. laevis exhibited female-to-male sex reversal ( fig. 4A ), a finding consistent with several reports indicating that a decrease in germ-cell numbers induces gondal masculinization in some vertebrate species (Guigon et al. 2005; Slanchev et al. 2005; Kurokawa et al. 2007 ). Taken together, our findings suggest that dmrt1 regulates both gonadal somatic-cell masculinization and feminization by controlling germ-cell fate.
Materials and Methods
Animal Care and Use
All of the experimental procedures were approved by the Institutional Animal Care and Use Committee of Kitasato University. E. macularius, G. gallus, L. reissneri, O. latipes, M. musculus (C57BL/6), and S. tropicalis/X. laevis were purchased from Samurai Japan (Japan), Shiroyamakeien (Japan), Kurosawa (Japan), Tropiland (Japan), Japan SLC (Japan), and Watanabe Zoushoku (Japan), respectively.
RNA Isolation and Reverse Transcription
Total RNAs were isolated from the female and male gonads of L. reissneri, the ZW and ZZ gonads of X. laevis, and the testes of S. tropicalis, and E. macularius using an RNeasy Mini Kit (Qiagen, Holland). For 5 0 -RACE and 3 0 -RACE, the RNA was modified and reverse transcribed using the FirstChoice RLM-RACE kit (Life Technologies, Carlsbad, CA, USA). For RT-PCR, RNA (1 mg) was reverse transcribed with the Transcriptor First Strand cDNA Synthesis Kit (Roche), according to the manufacturer's instructions.
Construction and Screening of Genomic Libraries
The genomic DNAs of L. reissneri and E. macularius were prepared from liver using the Wizard Genome Purification Kit (Promega, Madison). The genomic libraries were constructed using the Lambda FIX II/XhoI Partial Fill-In Vector Kit (Agilent Technologies, Santa Clara, CA, USA) and MaxPlax Lambda Packaging Extracts (Epicentre, UK), according to the manufacturers' instructions. The libraries were then screened with DNA probes containing the 5 0 -sequences of the appropriate dmrt1 cDNAs.
In Situ Hybridization
In situ hybridization was performed as described previously (Mawaribuchi et al. 2014) , using sense or anti-sense probes based on the following sequences: L. reissneri dmrt1 (nucleotides 192-671; LC035083), X. laevis dmrt1.L (nucleotides 1,149-1,671; NM001096500), and dmrt1.S (nucleotides 1,054-1,572; NM001085483).
Immunohistochemistry
Immunohistochemistry was performed with anti-Dmrt1, anti-Xvlg1, anti-Cyp17a1, and anti-Cyp19a1 anti-bodies, all diluted 1:1,000, using a previously described method (Komiya et al. 1994; Mawaribuchi et al. 2014; Fujitani et al. 2016 ).
Isolation of Somatic and Germ Cell Fractions from Xenopus Testes
Several adult testes from X. laevis were collected in 0.7Â enriched DMEM:F12 (Wako, Japan) on ice. After removal of the tunica albuginea, the testes were cut into small pieces with scissors and then transferred immediately into 10 mL of a collagenase solution (0.7Â enriched DMEM:F12, 20 mg/mL DNaseI, 0.5 mg/mL collagenase IA (Sigma-Aldrich, St. Louis, dmrt1 Promoter Evolution in Vertebrates . doi:10.1093/molbev/msw273 MBE MI, USA). The samples were incubated for 1 h at 22 C in a shaking water bath at 60 oscillations/min. The digested tissue was filtered through a 40-mm cell strainer. The isolated cells were cultured in 0.7Â enriched DMEM:F12 at 22 C on BioCoat culture dishes (Becton Dickinson, Franklin Lakes, NJ, USA) overnight. The colonizing and floating cells were collected as somatic and germ cell fractions, respectively. Their RNAs were isolated using an RNeasy Mini Kit (Qiagen, Holland) and reverse transcribed with the Transcriptor First Strand cDNA Synthesis Kit (Roche, Switzerland) for real-time RT-PCR analysis.
Plasmid Constructs
To generate the dmrt1 type 1 knockdown vector, first the S. tropicalis U6 promoter was amplified by PCR using the following primers: 5 0 -CCCGTGTGGCAGATGATTGTTACCT-3 0 and 5 0 -GAAACTCCAGCGAGCAGCACC-3 0 , and the resulting product was used to replace the H1.2 promoter in pRNATin-H1.2/Hygro (Life Technologies, Carlsbad, CA, USA). Next, the double-stranded oligonucleotide corresponding to the following sequence, 5 0 -GATCCCGGAGGTTGGTGAGGGTTC TGTTACGTGTGCTGTCCGTAACAGAATCCTCATCAATC TCTTTTTTCCAAATCGA-3 0 , was inserted into the vector.
RNA Ligase-Mediated Rapid Amplification of cDNA 5 0 and 3 0 Ends (5 0 -RACE and 3 0 -RACE)
To obtain the full-length dmrt1 cDNAs from L. reissneri and E. macularius or determine the transcription initiation sites of dmrt1 in X. laevis and S. tropicalis, 5 0 -RACE and/or 3 0 -RACE were performed using the cDNA and the appropriate dmrt1-specific primers (supplementary table S6, Supplementary Material online) according to the manufacturer's instructions.
Real-Time Reverse Transcription PCR (RT-PCR)
Real-time PCR were carried out using the SYBR Green Realtime PCR Master Mix (TOYOBO, Japan). The gene-specific primer pairs are shown in supplementary table S7, Supplementary Material online.
Determining ZW or ZZ Status in X. laevis
The ZW or ZZ status of X. laevis was determined by genomic PCR using specific primer pairs (supplementary table S7, Supplementary Material online) as described previously (Yoshimoto et al. 2008 ).
Production of Transgenic X. laevis Transgenic tadpoles were produced using restriction enzymemediated integration as described previously (Mukaigasa et al. 2009 ). To detect the transgene, PCR was performed using genomic tail DNA as a template and gene-specific primer pairs (supplementary table S7, Supplementary Material online).
Comparative Sequence Analysis
Identification of CNSs in vertebrate dmrt1 locus, alignments of the CNSs, and search of DNA-binding motifs for transcription factors was described in Supplementary materials and methods, Supplementary Material online.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
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